Solid solutions Ga 1−x Ge x V 4 S 8 (x = 0− 1) were synthesized by solid-state reactions and characterized by temperature-dependent X-ray powder diffraction and static magnetic susceptibility measurements. The compounds crystallize in the cubic GaMo 4 S 8 -type structure (space group F43m), built up by heterocubane-like [V 4 S 4 ] (5−x)+ cubes and [Ga 1−x Ge x S 4 ] (5−x)− tetrahedra arranged in a NaCllike manner. The successive substitution of Ga 3+ by Ge 4+ increases the electron count in the molecular orbitals (MO's) of the V 4 -cluster gradually from seven to eight. We observe an almost linear increase of the magnetic moments, connected with a transition from ferromagnetic to antiferromagnetic ordering around x ≈ 0.5. Remarkably, low-temperature structural phase transitions as known from the ternary compounds were also detected in the solid solutions. The gallium-rich compounds (0 ≤ x < 0.5) undergo rhombohedral distortions like GaV 4 S 8 (space group R3m), whereas distortions to orthorhombic symmetry (space group Imm2) as known from GeV 4 S 8 occur in the germanium-rich part of the solid solutions (0.5 ≤ x ≤ 1).
Introduction
Transition metal chalcogenides with the cubic GaMo 4 S 8 -type structure [1, 2] have been a matter of increasing interest for years because of their physical properties, among them superconductivity under pressure [3, 4] , metal-insulator transition [5] , 4d-ferromagnetism [6] , and various structural and magnetic instabilities at low temperatures [7 -12] . All these phenomena reflect the strong coupling of structural, electronic and magnetic degrees of freedom in this system. Although the crystal structure of the compounds AM 4 Q 8 (space group F43m; A = Ga, Ge; M = V, Ti, Nb, Ta; Q = S, Se) [13 -17] can easily be derived from the spinel type AM 2 Q 4 (space group Fd3m) by an ordered half-occupation of the A site and a shift of the M site from 16d (5/8, 5/8, 5/8) to 16e (x, x, x), another description has turned out to be more useful [15] : As a consequence of the coordinate shift to x ≈ 0.6, the transition metal atoms join to tetrahedral M 4 metal cluster units with strong metal-metal bonds. Thus the GaMo 4 S 8 -type structure of GaV 4 S 8 can be described as a NaCl-like arrange-0932-0776 / 09 / 0800-0915 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com 5+ cubes and [GaS 4 ] 5− tetrahedra as depicted in Fig. 1 .
The localization of electrons in metal-metal bonds causes non-metallic magnetic properties, and thus these materials represent a special class of Mott insulators [9] . In order to explain the magnetic insulating properties, we have introduced a concept of appropri- ate M 4 cluster molecular orbitals (MO's) [9, 15] . According to this, the metal centered electrons (i. e. those not involved in metal-ligand bonds) can occupy six bonding and six anti-bonding MO's. Thus the strongest M-M bonds are expected to occur when the bonding set is completely filled with 12 electrons. This is almost the case in GaMo 4 S 8 with 11 electrons per Mo 4 according to an idealized ionic formula Ga 3+ (Mo 3.25+ ) 4 -(S 2− ) 8 , whereas the cluster MO's of GaV 4 S 8 are filled with seven electrons only as shown in Fig. 2 . Since the three highest bonding MO's (t 2 set) are 3-fold degenerated with respect to the43m symmetry of the cluster, one electron remains unpaired and induces the magnetic properties.
The MO cluster approach not only has allowed rationalizing the magnetism, but also explains the structural instabilities which appear frequently in this system. As an example, it has long been known that GaMo 4 S 8 undergoes a structural distortion at 45 K [8] , where the symmetry is reduced to R3m, and the Mo 4 cluster gets compressed along the 3-fold axis. On the other hand, the isotypic vanadium compound GaV 4 S 8 also shows a rhombohedral distortion, but in this case the V 4 -cluster becomes elongated [9] . The cluster-MO's allow to explain both effects by removing the degeneracy of the t 2 MO and stabilizing a particular structural distortion depending on the electron count.
Several studies have consistently shown that the structural and magnetic properties of GaMo 4 S 8 -type compounds are tunable by the variation of the cluster electron counts [18 -20] . Among them, the different properties of GaV 4 S 8 and GeV 4 S 8 are remarkable. By adding only one electron to the V 4 cluster, the magnetic ordering changes from ferro-to antiferromagnetic, and the structural distortion of GeV 4 S 8 leads to orthorhombic symmetry (space group Imm2) [11, 12] instead of rhombohedral as in GaV 4 S 8 [9] . In this paper, we report the synthesis, crystal structures and magnetic properties of the solid solutions Ga 1−x Ge x V 4 S 8 in order to study the transition between these different behaviors in more detail.
Experimental Section

Synthesis
Powder samples of Ga 1−x Ge x V 4 S 8 were prepared by two-step syntheses. First, stoichiometric mixtures of gallium pieces (Alfa Aesar, 99.999 %), germanium pieces (Aldrich, 99.999 %) and vanadium powder (Smart Elements, 99.9 %) were heated at 800 • C (50 • C h −1 ) in silica ampoules under argon atmosphere, until binary alloys Ga 1−x Ge x V 4 were formed (1 -3 heating runs). These precursors were then mixed with stoichiometric amounts of sulfur (Aldrich, 99.99 %), sealed in silica tubes under argon and heated to 750 • C (50 • C h −1 ) for 12 h. The samples were then ground and heated subsequently until single-phase samples were obtained (1 -3 heating runs).
Crystal structure determination
Powder patterns were recorded on a Huber G670 Guinier imaging plate diffractometer (CuK α1 radiation, Ge-111 monochromator) equipped with a closed-cycle He cryostat. Rietveld refinements were performed with the TOPAS package [21] using the fundamental parameters approach to the reflection profiles (convolution of appropriate source emission profiles with axial instrument contributions as well as crystallite microstructure effects). In order to describe small peak half width and shape anisotropy effects, the approach of Le Bail and Jouanneaux [22] was implemented into the TOPAS program, and the corresponding parameters were allowed to refine. The preferred orientation of the crystallites was described with spherical harmonics. An empirical 2θ -dependent absorption correction for the different absorption lengths of the GUINIER geometry was applied. As the background between 10 and 25 • in 2θ shows artifacts from the low-temperature configuration of the GUINIER diffractometer, small sections of this range were excluded from the refinements.
Magnetic measurements
Magnetic properties of the samples were measured using a SQUID magnetometer (MPMS-XL5, Quantum Design Inc.). Finely ground powder samples were inserted into gelatine capsules of known diamagnetism and fixed in a straw as sample holder. The magnetic susceptibilities of the samples were collected in a temperature range from 1.8 to 300 K with magnetic flux densities up to 1 Tesla. Magnetization measurements with magnetic flux densities up to 5 T were recorded at different temperatures. The data were corrected for diamagnetic contributions of the capsule, the straw and the sample using diamagnetic increments [23] and analyzed using the Curie-Weiss law, modified by an additional temperatureindependent contribution to the susceptibility χ 0 : 
Results and Discussion
Crystal structures at room temperature
Room-temperature X-ray powder patterns of samples with the nominal compositions Ga 1−x Ge x V 4 S 8 (∆x = 0.125) could be completely indexed with cubic face-centered unit cells. The lattice parameters of GaV 4 S 8 (966.1 pm) and GeV 4 S 8 (965.5 pm) differ by only 0.6 pm. This is close to our experimental error, and therefore we were not able to deduce the composition reliably from the lattice parameters. However, a series of EDX measurements confirmed the nominal compositions within a tolerance of 10 %, as shown in Fig. 3 . Rietveld refinements of all powder patterns were successful by using the structural parameters of GaV 4 S 8 as an initial model; a typical fitted pattern is shown in Fig. 4 . No indication of a deviation from full occupation of any site was detected. This was ad- Table 1 .
Crystal structures at low temperatures
Both ternary compounds GaV 4 S 8 and GeV 4 S 8 undergo second-order structural phase transitions at 38 and 30 K, respectively, in both cases well above the onset of magnetic ordering at 15 and 18 K. While GaV 4 S 8 becomes rhombohedral (space group R3m), the lowtemperature phase of GeV 4 S 8 has orthorhombic symmetry (space group Imm2). A report by Chudo et al. about a rhombohedral (R3m) distortion of GeV 4 S 8 was recently disproved [11] . In general, we have observed suppressions of the structural transitions in GaMo 4 S 8 -type compounds with mixed metal site occupations like Ga x V 4−y Cr y S 8 [18] , GaNb 4−x Mo x S 8 [19] and GaV 4−x Mo x S 8 [24] . Since we do not introduce disor- Selected bond lengths (pm):
280.1 (5) der in the V 4 -cluster units in the case Ga 1−x Ge x V 4 S 8 , the structural distortions may rather persist. In order to check for symmetry reduction, we have recorded X-ray powder patterns of all samples at 10 K. Broadening or even splitting of some reflections was observed, best visible for the (440) reflection close to 54 • . We have shown earlier [11] that the splitting of this reflection in two components (220) and (208) indicates a rhombohedral distortion (R3m), whereas three components (400), (224), and (040) are only consistent with an orthorhombic lattice (Imm2). Fig. 5 shows the (440) reflections of the solid solutions in more detail. At low germanium contents (x = 0.125 − 0.375), we observe two peaks of identical intensity in agreement with the rhombohedral distortion as known from GaV 4 S 8 . The profile of Ga 0.5 Ge 0.5 V 4 S 8 has already three components (one central peak with two satellites), which are not yet separated due to the limited instrument resolution. With increasing germanium substitution, the three peaks become more separated, and the pattern is finally similar to that of the low-temperature phase of GeV 4 S 8 , which is included in Fig. 5 for comparison.
The low-temperature diffraction data unequivocally show structural distortions in all samples of the series Ga 1−x Ge x V 4 S 8 . We observe a gradual transition from rhombohedral distortions known for GaV 4 S 8 to orthorhombic lattices as observed in GeV 4 S 8 with an inflection close to Ga 0.5 Ge 0.5 V 4 S 8 . Fig. 6 shows the Rietveld fit of Ga 0.5 Ge 0.5 V 4 S 8 at 10 K. The structural data of the low-temperature phase GeV 4 S 8 (space group Imm2) [11] have been used as initial parameters, and the refinements resulted in very similar structural parameters for Ga 0.5 Ge 0.5 V 4 S 8 . As for the pure germanium compound, the distortion is mainly caused by the change of the ideal V 4 tetrahedron into a butterflylike structure, where one V-V edge is shortened by 6.5 pm, and the opposite edge is elongated by 2.5 pm. This clearly demonstrates the identical distortion motifs of Ga 0.5 Ge 0.5 V 4 S 8 and GeV 4 S 8 , and we can safely assume the same also for samples with higher germanium contents (x > 0.5).
Magnetism
The inverse magnetic susceptibilities of the Ga 1−x Ge x V 4 S 8 samples are displayed in Fig. 7 . The decreasing slopes of the curves above 100 K indicate the gradual filling of the V 4 cluster orbitals that yield increased magnetic moments. We find an almost linear dependency of the effective magnetic moments µ eff on the germanium content as shown in Fig. 8 , in agree- ment with expectations from the cluster MO approach. The magnetic data extracted from the Curie-Weiss analysis are collected in Table 2 . Anomalies in the χ −1 vs. T plots appear around 30 K in all cases, but more pronounced in gallium-rich samples. These more or less sharp drops are caused by the second-order structural phase transitions. In the course of these transitions, the V 4 cluster MO's become reorganized according to the lowered symmetry, i. e. space group R3m for x < 0.5 and space group Imm2 for x ≥ 0.5, as shown in the previous chapter. Fig. 9 shows the isothermal magnetization curves measured at 1.8 K. We observe a gradual transition from ferromagnetic to antiferromagnetic behavior as the germanium fraction increases. The magnetization of the samples with compositions 0.25 ≤ x ≤ 0.75 (insert in Fig. 9 ) still shows typical ferromagnetic saturation and hysteresis, but the moments decrease strongly with x. Since we can assume certain (small) inhomogeneities in the Ga/Ge distributions, we suggest that the observed curves are superpositions of Ge-rich antiferromagnetic and Ga-rich ferromagnetic domains, which accumulate to the observed magnetic moments. The magnetization of Ga 0.25 Ge 0.75 V 4 S 8 is reminiscent of the behavior of an antiferromagnetic phase with small ferromagnetic contamination, while the curve for Ga 0.125 Ge 0.875 V 4 S 8 finally is almost linear as expected for an antiferromagnet.
